Pyridoacridine alkaloids are unique marine nitrogenous compounds that represent a large family of alkaloids. They have been reported from different marine organisms like sponges, ascidians, anemones, prosobranch mollusk, and tunicates. Attention to pyridoacridines has risen because of their significant biological activities. The present review emphasizes mainly on pyridoacridines isolated marine organisms over the last years. Thus, the synthetic ones were not discussed. Herein, 95 pyridoacridine alkaloids isolated from marine organisms have been retrieved, in addition to their
Introduction
Secondary metabolites from natural sources still provide potential drug candidates with unique skeletons that are interesting for many synthetic approaches. Chemistry researches of marine natural products have yielded great numbers of impor-tant metabolites with significant bioactivities. Marine organisms yield various toxic metabolites in order to prevent parasitism and predation as well as to mediate spatial competition. 1, 2 Among these toxic metabolites are pyridoacridines. They are the largest group of alkaloids isolated from marine organisms. They have been reported from sponges, ascidians, anemones, tunicates, and prosobranch mollusk, which are decorated with bright colors. 3, 4 They have different colors: yellow, deep red, orange, blue, or purple. Their colors were attributed to the presence of pyridoacridines. Pyridoacridines colors change according to the pH. So, they may be used as an indicator. This property is due to the presence of basic nitrogen in the pyridine ring that associated with a chromophore. Generally, pyridoacridines are crystalline compounds with melting points >300°C. They were isolated as salts of hydrochloric acid. The optical activity of some pyridoacridines is due to the additional asymmetric side chain. They are planar polycyclic heteroaromatic compounds, having 11H-pyrido [4, 3, 2 , mn]acridine (1) or 8H-pyrido[4,3,2-nm]acridone (2) skeletons ( Fig. 1 ), usually possessing different alkylamine side chains 8 .89 (d, J = 5.5 Hz, H-6 0 ), 6 .67 (s, H-9 0 ), 3.11 (t, J = 6.4 Hz, H-12 0 ), 3.60 (t, J = 6.4 Hz, H-13 0 ), 6.19 (qq, J = 6.9, 1.5 Hz, H-17 0 ), 1.60 (dq, J = 1.5, 1.2 Hz, H-18 0 ), 1.51 (dq, J = 6.9, 1.2 Hz, H-19 0 ); 13 C NMR (CDCl 3 Brown-colored amorphous solids; [a] 30 D À160 (c 0.3, CHCl 3 ); UV (MeOH) k max (e): 214 (37,000), 274 (30,000), 384 (11,000) nm; IR (KBr) m max : 3400, 2930, 2850, 1650 cm À1 ; 1 Brown-colored amorphous solids; [a] 30 D À160 (c 0.3, CHCl 3 ); UV (MeOH) k max (e): 214 (37,000), 274 (30,000), 384 (11,000) nm; IR (KBr) m max : 3400, 2930, 2850, 1650 cm À1 ; 1 Yellow-colored amorphous solids; [a] 30 D À133 (c 0.3, CHCl 3 ); UV (EtOH) k max (e): 225 (30,000), 272 (23,000), 380 (11,000) nm; IR (KBr) m max : 3330, 2940, 2850, 1660, 1590, 1175, 1110 cm À1 ; 1 13 C NMR (DMSO-d 6 , 75 MHz): d C 131.0 (C-1), 131.9 (C-2), 129.7 (C-3), 124.1 (C-4), 121.6 (C-4a), 137.3 (C-4b), 120.3 (C-5), 149.9 (C-6), 146.0 (C-7a), 132.0 (C-9), 150.5 (C-10), 146.2 (C-10a), 117.7 (C-10b), 144.5 (C-11a), 76.1 (C-12), 42.4 (C-13), 169.3 (C-1 0 ), 22.3 (C-2 0 ), 56 13 C NMR (DMSO-d 6 , 125 MHz): d C 143.6 (C-2), 105.5 (C-3), 149.1 (C-3a), 113.9 (C-3b), 125.4 (C-4), 122.6 (C-5), 134.8 (C-6), 117.9 (C-7), 140.9 (C-7a), 126.6 (C-8a), 118.3 (C-9), 117.4 (C-10), 137.3 (C-11), 127.0 (C-11a), 120.3 (C-11b), 64.3 (C-13), 44 .0 (C-14); HRFABMS (3- 13 C NMR (DMSO-d 6 , 125 MHz): d C 151.6 (C-2), 109.3 (C-3), 140.9 (C-3a), 116.7 (C-3b), 124.4 (C-4), 123.0 (C-5), 132.6 (C-6), 117.9 (C-7), 137.1 (C-7a), 134.6 (C-8a), 108.4 (C-9), 113.6 (C-10), 139.0 (C-11), 142.8 (C-11a), 117.9 (C-11b), 191.8 (C-13); HRFABMS (3- 13 C NMR (DMSO-d 6 , 125 MHz): d C 143.3 (C-2), 105.1 (C-3), 148.9 (C-3a), 113.8 (C-3b), 125.2 (C-4), 122.4 (C-5), 134.7 (C-6), 117.6 (C-7), 141.0 (C-7a), 128.3 (C-8a), 113.8 (C-9), 121.8 (C-10), 137.2 (C-11), 126.7 (C-11a), 120.4 (C-11b), 28.2 (C-13), 37.9 (C-14); HRFABMS (3- Burnt orange solid; mp 202-204°C (dec.); UV (MeOH)) k max (e): 377 (5984), 300 (14, 722 13 13 Purple 11 .81 (13-NH), 10.66 (brs, 14a-NH), 11.04 (brs, 14b-NH); 13 Aplidium cratiferum 19, 57 (continued on next page) 13 20 fatty acyl ester, and (dimethyl amino)thioethyl. 3 Moreover, they showed different ring substituents as thiomethyl, amino, bromide, carboxymethyl, hydroxyl, and ether functionalities.
Pyridoacridines vary in structure by appendage of different side chains or fusion of rings to ring C (1), and occasionally to the acridine nitrogen to produce different classes: tetracyclic, pentacyclic, hexacyclic, heptacyclic, and octacyclic. The substitution of pyridoacridines with halogen is rare. If it is present, it is mainly with bromine atom at C 2 in ring A. The rings oxidation states are variable. In some compounds, ring D is partially saturated. Amphimedine was the first identified pyridoacridine in 1983. 3, 4 Pyridoacridines from marine sources are classified into five main groups namely, tetracyclic (four rings), pentacyclic (five rings), hexacyclic (six rings), heptacyclic (seven rings), and octacyclic (eight rings).
Pyridoacridines possess diverse biological activities such as anti-viral, 5-8 antimicrobial, [9] [10] [11] [12] [13] immunosuppressant, 14 antiparasitic, 4, 15 anticholinesterase, 16 cytotoxic, 14, 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and insecticidal. 28 In addition, they produce reactive oxygen species, inhibit topoisomerases and aspartate semialdehyde dehydrogenase, cause the release of calcium from the sarcoplasmic reticulum, bind nucleotide receptors, and induce neuronal differentiation. 28, 29 The cytotoxic activity of pyridoacridines is due to a highly electron-deficient planar aromatic system that can intercalate DNA leading to inhibition of cell growth. 1, 30 During last decades, pyridoacridines and their analogs have represented excellent goals for synthetic researches, 30 proving that these alkaloids are an interesting source for the development of new drug leads. Some review articles on biological activities and the structural relatedness of members of pyridoacridines are available. 1, 3, 4, 30 There are currently no reviews pertaining to the structural elucidation of naturally occurring marine pyridoacridines. A review of the available NMR literature for this important class of natural products was therefore considered to be timely. Also, it would appear to be valuable to provide an easy access to an extensive list of spectroscopic and physical data (physical state, melting point (C°), and optical rotation (concentration, solvent)) of pyridoacridines. This review is mainly a compilation of our earlier review, which discussed this class of naturally occurring alkaloids in term of their occurrence, biosynthesis, biological activities, and structural assignment. 5 This work provided a summary of the isolation, physical properties, spectral data, sources, and associated references of 95 pyridoacridines. These data have been listed for each compound: name, structure formula, melting point, optical rotation, UV (k max nm, solvent, log e), IR (absorption bands in cm À1 ), 1 H and 13 C NMR (solvent, spectrometer frequency, d values ppm), source, molecular weight, molecular formula, and reference. The 1 H and 13 C NMR have been written to the second and first decimal points, respectively (Tables 1-4). Pyridoacridines described in this review have been arranged in five different groups according to the number of fused rings in their structure, including group I-tetracyclic, group II pentacyclic, group III-hexacyclic, group IVheptacyclic, and group V-octacyclic (see Figs. 2-5).
Isolation and structural characterization of pyridoacridines
The extraction was carried out using MeOH, MeOH/CH 2 Cl 2 (1:1) or MeOH/CH 2 Cl 2 /TFA (50:50:0.1). The extract was partitioned between n-hexane, CH 2 Cl 2 , and EtOAc. The CH 2 Cl 2 and EtOAc fractions were subjected to successive chromatographies on silica gel, Sephadex LH-20, reversed phase RP-18, Diaion HP-20 or ODS flash chromatography using different solvent mixtures with increasing polarity. The isolated compounds can be further purified by preparative HPLC. HPLC has been proved as the best technique for separation, identification, and quantification of pyridoacridines.
Ultraviolet visible spectroscopy (UV)
Pyridoacridines are colored natural products, having a highly conjugated system. So, ultraviolet visible spectroscopy tech- Cystodytin G (9) Cystodytin H (10) Figure 2 Tetracyclic pyridoacridine alkaloids 1-26.
nique is useful for their identification. The UV spectra in MeOH or EtOH showed absorption bands at k max 210-390 nm, indicating a polyheteroaromatic system. The a, b-unsaturated ketone moiety was confirmed by the significant changes, that were observed upon addition of NaBH 4 . A bathochromic shift was observed in the UV spectrum upon addition of acid as trifluoroacetic acid (TFA) or alkaline as KOH or NaOH.
Infrared spectroscopy (IR)
The presence of a conjugated ketone carbonyl and an amide group is easily detectable in IR spectra as a band in the region of 1640 and 1660 cm À1 . The bands at 3370-3215 cm À1 were attributed for primary or secondary amines. Absorption bands due to hydroxyl groups appear at 3400-3600 cm À1 .
NMR spectroscopy
NMR spectral data were obtained in CDCl 3 , DMSO-d 6 or CD 3 OD. In certain cases, trifluoroacetic acid-d 4 was added to the previously mentioned NMR solvents in a ratio 2:1 to overcome the poor solubility. In the 1 H NMR spectra, the di-substituted benzene (ring A) gives rise to four coupled protons (H-1 
Mass spectroscopy (MS)
Pyridoacridines structures were established by extensive spectroscopic analysis. Low and high resolution mass spectroscopic data (EI, FAB, and ESI-MS) were used to establish the molecular formula. Few fragments corresponding to the loss of CHO, CO, CH, and HCN were observed. 31 The iminoquinone system as in cytodytin A (3) is easily reduced in the ionization stage of a mass spectrometer giving (MH + 2) in FABMS and (M + 2) ion for EIMS, identical for quinines. 20 The compound containing one bromine atom will have two peaks in the molecular ion region in an approximately 1:1 ratio. Additionally, isotopic cluster of peaks (ratio 1:2:1) is typical for the presence of two bromines in the structure. 32 In the mass spectrum, the appearance of a peak for [M-S 2 +H] + confirmed the sulfur ring system. 33 Also, the mass peak at m/z 58 [N(CH 3 ) 2 ] indicated the presence of dimethylamino functionality. 41 
Stereochemistry determination
The X-ray analysis of suitable crystals is another technique for the assignment of the absolute configuration of the stereocen-ters present in the molecule besides being a valuable way to confirm the constitution and finally the conformation of the natural product. In many cases, this technique cannot be used since crystals of suitable quality are not usually available. Therefore, after finishing all of the abovementioned spectroscopic investigations, a crystal-structure analysis can be carried out. Also, the configuration was deduced by comparison of experimental circular dichroism (CD) spectra with calculated spectra. 
